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ABSTRACT

Scatter £i21d4 and radear response of an infinitely loag straight metallic
vire are derived zssuming that the vire is illuminsted by an antexme redisting
2 Jsussien besm of narrow beam width. Tue scatter field has esssatially the
sane distribution in any plane through the wire axis; it varies from plane
io plane by only an amplitude fector. The radsy respomse is at a maximwm
for vertical incidence - wvhen the beam axis interiscts the wire axis at
right angles - and decreases expomentially with .. :ressiag imclination of the
beam axis against this direction. No side lobes are obtained for Gaussian
illuminsiion; at 1lsa3t not in the intercsting raage of small angular devig-
tioms from verticel incidence wasre the radar response has spprecisdble values.
Tws cases can Y¢ distinguished: (1) the wire crosses the Fresnel region of
the entenna and {2) the wire is situated in the satenns far zoms. In the
former case, the theory is limited t0 wire redii not exceeding the beam
radius at the antemma; im the latter cass, arbitrary wire redii are admis-
sible. If the vire is located in the fur field regiocu of the antemna, .the
expression derived for the reder response can be gereralized so that it
applies Yo any antemna characteristic. The generulizod expressiom shows
that a redar croas section can be assigned to the wire aven though it has
been assumed {0 be infinitely long; this redar cross sectiom imcreases lin-
early with distance between antenna and wire.
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RADAR RESPONSE CF IOKG WIXES
1. IRTRODUCTION

Helicorters flying ac low sltitudes must avoid coliision with natural and
ran-made obstructions. The visibility of these obstacles depends, apart from
weather conditions; on their geometrical configuration. The geometrical conre-
figuration of thin wires with loug suspension lengths is particulsrly incun-
spicuous, and .he guestion arises whether such wires can be detected at safe
distances by the helicopter rsdar system.

To obtain quantitative information on this problem tae scatter properties
of straizht metallic wires are derived in inis paper; the assumption is made
that an antenne emitting o time-harmonic beam with a narrow Gsussian rrdiation
characteristic is the source of excitation. The wire 1s assumed t2 hesse circu-
lar cross-section and to ve long compared t0 the antenna-beam dlamet.r ai the
location of the wire. The scatter field produced by diffraction of the iucle
dent beam at the wire is derived, and the fraction of the radiated power which
in this scatter field is returned to and received by the antenna is cailculated.

By means of the reciprocity theorem, & gensrsl formula can be determined
for the ratio of received and transmitted antenna power. This formula holds
for any scatier object and any antenna characteristic. When applied to o
straight metallic wire illuninated by a Gaussian antenna, this formule lveds
{0 an expression contalning triple integrals. A rigorous evaluation of juzee
integrals 1s mathematically dirZicult, but with appropriate approximstions
closed form solutions are obtained for the radar response. The approxing-
tlons are based on the sssumption that the beam width of the incident beca is
in the order of 1°.

Two cases can be distinguished, that the wire crosses the Fresnel region*
of the antenna and that the wire ig situated in the far field region of the
antenna. The approximations made ir the former casse limit the applicability
of the resuits to angles of the beam axis againet the normal to the wire axis
of up to ~15°. This restriction, however, is of no practical consequence as
the backscstter power received by the antenna decrevases very rapidly as the
bean axis is turned away from the direction of vertical inridence. There may
be side lobes at larger angles, but the fermulas show that if they showld
exist, their level would be very low.

If the vire is situated in the far fileld region of the antenna, a general
expression for the received backscatter power which holds for any antenns
characteristic can be derived. The Gaussian antenna in this case serves only
as a specific example. Similar to the case that the wire is within the Pres.
pel region, the radar responsz for a Gaussian antenns does not contain side
lobes; 1t decreases exponent.ially as the beam axis is turned sway from the
direction of verticel incidence.

Diffraction by straight metallic wires {as well as by dielectric i
dielectric-conted wires) is a subject wellecovered in the literatm,f e.e13]

*For a beam width of 1°, the Fresnel region extends as far as ~100 m at a
wvavelength A = 3 cm, and as far ac ~1000 m at A = 3 mm.
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In partic the "Special Issue on Radar Reflectivity" of the Proce=dings of
the IEEE,[4] contains a comprehensive bibliography on this subject. The inci-
dent field in these publications is usually assumed to be a plane wave.” If
the wire ic of finite length and if it us situated in the far zone of the
antenna; the incilent field along the wire will indeed approach a plene wave,
and knowledge of the plane wave scattering properiies would permit immediate
determination of the radar crose-section of the wire. The received backscatter
power is readily obtained from the radayr cross-section if the antenna radiation
characteristic is lmown. However, for very loung wires such as are treated here,
calculatior of the radar response requires dzccmposition of the antenns beam
into its directionsl spectrum of elsmentary plane waves, sclution of the scat-
ter problem for the individual elementary waves, and superposition of the con-
tributions from all these elementary waves 1o the received backscatter power.
We shov in this paper that if the wire is sgituated in the far field region of
the antenna the radar response is still determined essentially by only ore
Plane veve, the elementary wave propagating in the direction which intersects
the wire axis at right angles. If the wire crosses the Fresnel region, all
elementary waves contribute to the radar respomse. In this report the radsx
vesponse 1s derived and evaluated for Gaussian antennss.

2. BACKSCATTER POWER REIURMED TO TRANSMITTING ANTFHENA

Consider a norn antenna rediating in the presence of & metsllic scatter
object (see Fig. 1). We denote the primary field vhich the antepna would ewit
if the scaticrer vere absent by Ey, Hy. Diffpaction of this primary fleld st
the scatterer produces s secondary field Bg, Hg. This secondary field gener-
ates a tertiary field at the antenna, vwhich in turn is diffracted at the scat-
terer, etc. The tertigry field and sll subsequent field terms are combined

into & rest field Br, Hy. The primary, secondary, and the rest fields satisfy
the boundsry conditions:

Ep )long = C and (ts a Ek )tanj» = O (1a)
(&, + &), m0 and (Ey) oy = © (10)

¥Exceptions for instance are papers [12] and [13] in which dipole excitation
is assumed.
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The sources of the primary field are located at the antenna; the sources of

the sescondary field at the scatterer. The rest field has sources at both 1c-
caticns. All three fields satisfy the radaiation condition provided the scat-

ter obJect hus finite dimensions. The vwire-scatterer treated in this paper is -
assumed to be of arbitrary but still finite length.

The reciprocity theorem states that any two fields fl, ﬁl and fa, fl'e
satisfy the relation

f{jx.‘z—ale-;,fdc; = O (2) .

provided the surface £ incloses a space range free of gources. We assign

- -l -t -

o M, and E,, H, = Esf

- -

) ]
2o M.+ H,

-
<

™
=y’
i

27 2

and apply equation (2) to the spece rauge cutside the antenna and the scattex
object. The surface S in this case consists of thres parts: A sphere of
redius R + @ vhich does not contribute to the reciprocity integral since all
partinl fields sstisfy the radiation condition; the surface 85 of the scatter
object; and the sperture 8] and the metallic vall S; of the antenna. Because
of boundary conditions (1aj, the integral over the surface S; is zero. Using
boundary conditions (1b), wc obtain

[[pru‘{rf/!?) S (E rEy)x Hy ] 45
) (3)

] - b \

i Eb * ;s r'/ls My ' o5

G,

(Vs]
[ ¥)

We further apply the reciprocity thecrem to th2 cloged surface forl'l'ned by the
sntenna speriure Sj, the inper anienns wall, and a cross-seciion 8y of the




coaxial part of the antenns near the feed point. [t cen be shown that L4%J

[ > = > 2 ” 2
j{ xR = L B e

el

: (4)
| = VI rkl =(Z+271]

vhere Vi and I{ are voitage and current at Si agacciated with the umpertur-
bated tranmuitter field, and Vp, Ir sre the corresponding gquantities for ilwe

received backscatter field. 2 is tbe input impedance of the anteana {ai s{)

to vhich the receiver impedaace Z* is assumed to be maiched. By combiming
equations (3) snd (4), ve can express the preduct I It by an integral over
the surface of the scatter object

(247 LI = - $ (Ex(LiA+h)]d6
S

(5)
2

vhere for all practicel purposes iR on the right side can be neglicted becamse-

the rest field, vaich is generated by diffiaction of tlL> secondery £i°14 at
the antenna, is very veak at the scatterer.

The power radiated by the antenns in the absence of a scatterer is

N
]

/[A’px 7‘:7_ Erxf/ (C[g (6)

Nt~
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and the power received from the backscatter field is

/o= LzezO 1 1]

The asteriske indicste conjugate complex values. Hence with equaticn (5),
the ratic ¢f received and trsnsmiited power cen be written

(1)

“
vhere Q is the reciprecity integral (5) in which the torm Hy has been omittedt

O = ){{ffpx (ﬁpfﬁ;)}dé (8)

52

3. PLANE WAVE REPRESENTATION OF INCIDENT FIELD

We formulate the primary field £ n,, aud derive (in Section k) the

secondary field E ’ x for the problem of a Gaussisu beam illuminating a
straight wetelliic vire~ Figure 2 shos the geometrical arrsugement. JFor
convenience, wve shall use a cartesian and & cylindrical coordinate system

simultaneously. The common z-axis of the tun cystems is tha wire awiz, The

x-axis, fros which the angular ciuurdinate ¢ is counted, connects the center of
the antenna aperturs with the wire saxis. The rsdial coordinate is, as usual,

—
defined by p = o/ X2 + ¥2 . The plane x = -4 is a mathematical surface per-
pendicular to the x-axis just in front of the anterns aperture.

We split the prizery antenana field into two perts, oune derived from an
elsciric vector potential and the other derived from = maguetic vector potan-
tial. These veictor potentials can ve assumed to comprise only a z-cimpopsnt
which we will denote as ¢ and tp, rospectively. The electric and magnetic

6
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cosayx+coszyy+cos ¥yt

FIG. 2. Coordinate systems used in treating prcblem of straight metallic
wire illuminated by Lorn anterna.




field strengths xre obtained from #p and ¥; according to the relations

Ep = curl curl (9";,'52) - ok curl( 2',{5;)

. (9)
- //24 HF x carl curl (Zé“,) * (ke curl (Q_P&:)

vhere 3; is the unit vector of the z-direction, and k = 2n/A is the vave nue-
ber. Note that E; = O for the partial field derived from the potentisl 4,

sod Bz = O for the partial field derived from the potantial §.. Both wector
potentiais satisfy the wzve eguation snd in the half-opace, x > -d can be
vritten as superpozitionz of elsmentary piare waves:

1+ oo
ép (x,%,2) = //{'(/z},,.lz,} exp[--éé[/z,(xvta’)f-/zg‘zf/ f'/zzzjj}({,é?c{/zz

hyhe = - oo (20)

+ oo
Yy, = // g Chyhe) exp -kl b (x+d) thyy +h,z]] dhy b,

/291/2:,': B

il

Vherc h

_ 2_.12 2 2 <
. / /z?‘, ng for h,{,+—hz < |

-‘_'ﬂh;f-/z:-/ {or h,;#- I’l: E

In tbhe range where by is reecl the elementary plane waves are of the propa-
gating type, and in the resge vhere hy is imeginary they are of the evanes-
cent type in respect to tie x-direction. The emplitude spectra f(hy, bz)

and g(by, hy) sccording to equations (10) are the Fourier iransforms of the

le
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distrivutions of ip and ¢, in the plane x = -d. Applying the inverse trangfor-
mation we obtain:

roas

™ I -
[/7% !, x= — }'l f: /s-f; '/c_x,o[h./((/” 7“7, fp[z;‘(z

/[- J
..:.t 2 00 (ll)
7//7 iz, = 4/7‘ } ‘—(—n/b Z)exr[/-//((/z Jzzi'}jd';/:/z

4
v

As stated before, we shall desl specifically with the casz that the »Iimery
field radiated by the enns is a Gaussian beam. Tke reference phne of the
beam (waist of the bea:&lﬁjis assumed to be situated in the aperture plane of
the antenna. W%hen the antenna is directed towazrd the wire so that the baom
axis coincides with the x-sxis (vertical incidence), the reference plane is
the plane x = -d and the field dlstribution at x = & is either

_- L - +2
£, = -\/’? H.j = £, e”P{"“q‘“"f

{12a)

or

2
- ! fz
f_: r,._\/—'H E pr{-é é (120)

depending on whether the magnetic or the electric fieid strength is polarized
pnormal to the direction of the vire sxis. The mode parsmeter of the beam
is p,. Tilting of the besm axis against the x-axie leads to modification of

the field distribucvion in the planz x = -4. The mudified field distiidbution
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in the fonser cese (I, ® 0) 14 approximately giveu by:

= - i <1 oy ety _‘7 - - ., =) cQg
Ex = -, V/;_,'z_-) 05 g <ty e \/é H. = V(/"’} ;ﬁ&

o EOV(%Z) 3. w0ty Jy .\l@_{ HQ:.-.- - /_7 l//g{,Z) %% (33m)

E,
q ftﬂj’z
E -~ Vo \JEH, = 0

and the modified distribution in tbe latter case (X, & 0) by

.rm,*l
Ei' =+ E Viyz) 5.?:_({:: z Hy = = E, Viy2) sy wlep,  (13v)
== 0 A H, =*EVyE) sng,

vhere

o A 2 >
Uwni ¥ 25304
& ' & v

i -~
5

Ve, = c<pi-

[P LR

-(_l({g/w'-,'/,}f-auﬁ)j (13¢)

10




The angles which the besm axis forms with the x,y,z-dimctiom are Yy, Yys Yz
respectively (see Fig. 2); obviously

o . Ps
Oy /: /-ccoJJ' fcc.\‘:v}", = 7

The phase term in equation (13c) describes the tilt of the e fronts of the
beam against the plane x = -d, and the factors linayy and siny, in the real

part of the exponent describe the broedening of the amplitude distribution of
the beam in the plane x » -d with increasing tilt angle. It is readiiy seen
that for yx < O field distributions (13s) and (13b) approach dist-ibutions

(12a) and (12b) respectively. For all tilt angles these field distributions
satisfy the relations:

= 7N =
E = 'E_'ZXH and

innyfz 2ip, ?

€ = BE® = E V| = Eep{-{1=055

vhere n is the unit vector in the direction of the beam axis. f, 'ﬁ, and : in

other wvords are sutuaily orthogonal for all YysYzs mmu wall ulal does not
vary vith Yy’Yz except for s change in the coordinate scale.

Equatione (13) are approximations culy for the actusl distribution of a
tilted Gaussian beam in the plane x = -d. Hovever, the smaller yy is, the
better the spproximation. In the following, we shall assime that the antenns
redistes a rather narrov beam vith a beam width in the order of 1°. The back-
scatter pover received by the antenna then decreases rapidly as the beam axis
is tilted sgainst the direction vy, = O (\!y,yz = 0J0), and we can restrict our
considerstions to a small mgular range about tnis directiou, vhere equations

o2 oran
(.13\ dezoribe the actual ficld ddstribution with sullicient ACCULBCY

- el S et




The rediatiou charmcteristic R(6) of a Gaussiun heu.(lz) is proportional
to

- —)é"o)zl—:?g
Rig)~ o R

vherc @ iz the angular deviation ¢f the direction of observation from the beam
axis. A besm vidth of 10 for instance would require kp, s 100.

The fields determined by equastions (13a) and (13b) can be derived from
electric and magnetic vector potentials ’P ad §p, respectively whose distri-

butions in tka plane x = -4 are given in good npproximation by:

, E
Sl y,2), Vdy,2) = T Vige (14)
J'Lﬂ,:'t

The corresponding amplitude functions are obtained with equations {11):

</<;2)2 /

27 un h un’}r,

‘ . 20 ho-cospnd hy0C5 521
fh by), ik b,) = cxp{- k) [(—’;ﬂ—;f) * (J;;?;'i'j) 1f as)

With kp, in the order of 100, the smplitude functions £ and g have appreciadle
values in only a very small hy,hz-rmge sbout the point hy = Cco8Yy, h, = cosy,.
Therefore the integration in equations (10) for ép and yp. exd in the expres-
sions obtained with equatione (9) for the field strength components can be
essentially restricted to a neighborhood of this point. Calculating the field
distribution in the plane x u =4 in this manner inde¢ed reproduces tone field
strength compovents (13a) and (13b). Hence the vector potentials #p and ¥p
obtained vy insertving the ampiitude functions (1Y) into equations (10) describe
the desired Gaussian beams of varisble axis directions, at least irn the inter-
esting range of small v,. The electric vector potential charscterizes ¢ beam
vhose magnetic field strength is polarized normal to the wire axis direction
(A, = 0), and the magnetic vector potential characterizes a beam whose elec-
tric field strength is polarized normal to this direction (E, = 0).

12




The power ¥. transmitted in & fleld (10) can be expressed in terms of the

acsciute square . apiitude spectre of the nropagating elementary weves-im]
Fields derived from the potentiais ¢ and § are mulually orthogonal with re-
gard to tue trsnsmitted power. Hence

/‘/’. = t’/_ t ,";. (16)

vhere

o b4
W = 47“\//%&2#{(&?,%2){(/23,1?2)hx(/*/z:)c{/zjc{/ze (160)
h,:ﬁz:éi

N > 9;21//%" ‘;?[/‘9(/?3»/’:) G'thyshz) k(1 b:)clllya//?e (16b)
h;;rh:é/

For the exsmple of a Gausslan bemm, umplitude spectra (15) must be inserted
into equations (16). Since kp, is & large number, the integration cen be
perforasd approxisstely with the resuit

A N = ;-\/rg[ct'?z_._"c_'sifi_
2 4 M sing, wop,

~R
The relstive error is in the order of {xp,) . Considering only direc-
tions cf the beam axis which do not deviate substantialily from the direction

13
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of vertical iucidence (v, = 0), we may further approximste

o

Lesyy = { via ‘J:’ vin gy = ws}:,, cc\sjrz {2 &~ win ¥y 50 f

and hence
-—' .
Ne: Hy =7 iei“ﬁz (17)

For an angular devistion from vertical incidence of, for instance, 15° the
relative errcr is still below 1/k00.

k. CYLI¥DER WAVE REPRESENTATION OF SCATTER FIXLD

Squation (15) shows that the suplitude spectre £ and g of & Gaussian
besm of narzov beam width are practically zero in the range of evanesceat
elementary waves. Since furthermore these evanescent wavss decrease exponen-
tially wvith increasing distance from the reference plane x = -4, their com-
tributions to the incident field at the wire can de neglected. In the renge
of propagating elemantary vaves, ve substitute in eguations (10)

/2‘ = cosac n’n,ﬁ: , /2? - Jc'naf.rmﬁ, bi’ = cnrﬂ

Th2 gecwetrical mesning of o and § 1s illustrated im Xig. 3. B is the angle
which the direction of propagetion of any elementary wave inciudes with the
z-axis and a 18 the projected angle sgainst the x-direction Rence

14
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FIG. 3. Geometrical relation between angles a,B and directional cosines
hy, hy, h, characterizing direction of propagation of elementary

plane wave,

15




expressices (10) for §, and ¥, become:

v
iy

é;,( pp.2) = / [ { (sinasinf3, s yexp {-ik [ cesarinfd ¥ o cos(@)uinfl » zosf3f j »
a=-f peo '

£ s cosasin B dodd
(18)

bi
3 F

Qf;k P¥,E) = / / 9 (.mza.rzqﬁd @s/3)exp f_c& [d(a;a.rm'ﬁ 7 peos(p-a)unf ZGOSﬂ’]f X

aa-g‘,ﬂ H ol

« cosa #n '3 dad/3

where x ;.nd y have been replaced by the cylindrical coordinastes p and ¢ (see
Figure 2).

The elementary plane wave

——

¢. ?/f = exp {-ik[g s (¢ )oin 3 'zccsl.,é’]j (19)

e /

when incident upon a strajght wire (whose axis coincides with the z-axis)
produces a scatter field that can be vritten as a superposition of elemsentary
¢ylindrical waves:

- ’;.i’" CEw) () L em(e=) ~vkras 3
P A S S Hy, (k¢sin3)e e (20)
ms->

The expansion coeflicients c,(n’) and c,g') are obtained from the bourdary

16




conditions which, for a metallic wire of radiuvs e, sre

-

+ :_S.‘;,) >

. . {21)
5" c.j) Y =

2
» ’r‘.
) = ( wnd ( ==

?

N
<

&
U

respectively. Using the cyiinder function representation of a piane nn[ln

~ckp ccsp)in Toe im(p x- 1)
(R N -~ , " 2
@ - :\ .; (Z(:Jc-n/é,} e

S-0a

ve immediately find that:

C(i)’ -c.;mzi Jm(éasuz/.?)
m £2)
(kasenf3)
m (22)
4
(78 S y
ard C;_L Ja- -e 2 '"‘ifd‘s_mﬁ _)_
f/m ‘(kasinf3)

2
vhere J;, 332)' ace the derivatives of Jg, Ei ) vith regard to the argiment.

The total ascatter fiald produced by diffraction of the incident field (18) at
the vire is cbviously obtained by superposition of the contributions (£0)




TNy Ty

from all incident elementary waves (19)

it

9:’;.(9,9;,:) = // (aow‘n/a 38) exp {~ik [dasasin 3 r zces)3 [f «
wi.o ;
’m -J ( annﬁ) .(:’), {)
ml;.m f/”(; /a5 n) My (.13424,3)6 com.r(/z/lcfa/c{ﬂ
] {23)
¢ T
(‘};(P'%Z) = - //?(J‘Mdﬂ/fﬂlto{ﬂ) 2xp {~L/< [dcosarinf rzcar/ﬁ’]j‘
Q'I"gl/s‘o

oy J Ld.rmﬁ) 7S om(p-a- 5
xm' . H‘”(/( ) /-/ﬂ lherinff)e cosa pinP3lerd

In the case of Gaussiac lllumination, the saplitude finctlons £ and g
are given by equation (15).

5. DISCUSSION OF THE SCATTER FIBLD

First we will dilscuss tbe case Of & wire situated in the far field regilom
of the antenna. The exponential function exp{-ik (Qcosasing + zcos8)) in the
integrand of equaticns (23) then varies much more rapidly with o and P ¢caan

As & con-

do the amplitude functions f£(sinasing, cosp) and g(sinasinB, cosp).
ssquence, the integration can bte carried out asymptotically using the metliod

18
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of stationary phase:

-4(A’I"r - )
:{s(gz,go, Z) = 2—\/_ S 7{( 0 s €) sin (9 ¥ = ﬁl_“}i’]ﬁ) S
/L HUer me-sa i)
(24)
L(/’f‘} ”)

-y .
9(0 ¢.059jm<9 ' Jm(ka.rar]_(:‘_) s

V/< der M s-00 H zme)

¢+

'\)a\

where 1 = {(9rd;2+ , g 9« X

Bzfxne applying the method of stationary phase, the Hankel functions
(kpeahp) in the integrands of equations (23) were replaced by their
umptctic repregentaticns. When the immediate vicinity of the vire® 1s

disregaried, this is permisgible for all m for which the terws under the
surmeatioa sign are of apprecisble magnitude.

The geometrical meaning of the new vorisbles r and 6 is illustreted in
Fig. 4. The shortest line which joins the point ©® observation p, ¢, z vith
the center of the anterna aperture and simultaneously crosses the wire axis
consists of two straight line sectiont, r) and rp. Both form the angle 6
with the z-direction; their combined length is the variable r. Note that r
and € do not depend on the azimuth angle ¢.

Points 0of observation characterized by ldentical values of 6 obviously
form conicsl surfaces (with vertex angle 8} about the wire axis, the vertes
itself being iccated at z = zo = d°cotgl. Accordirg to equations (2i), the
distyribution of the scatter fields®g and ¥g along a given asurface § = const
is determined by the values of the amplitude functions f and g of the incident

T
i.e., agguming p > 5a for thick wires and p > 5 ) for tnin wires, where s
is the wire radfus and A the wavelength.
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bean for one direction a, R only, the direction

=0 , pB=8 (25)

In other words, only ons of the elementary plene wavea of the incildent beam
contributes significantly to the field scatiered by the wire along & cone

§ = const. According to equation (25),the direction of propagation of .ails
weve points from the antenna center towerds the wire intersecting the wire

axis at the angle 6 (line r; im Pig. 4).

By inserting smplitude spectra (15) into equativns (24 ), ve obtain for
the esample of & Gavssian bLeam:

€ op2)= (0,008 02, Yingpr) = Vigben) ¥ ip2)

where é;: (99) &) - J((‘d.)«.ﬂ@) JLI???
rivon § Tain)

(26)

— F (kg 2rnd
and P, (752 =

\f,f) -\{;.: /%‘S”" ;m&:mﬁ

x 2X( {'C(er{) - 5/ (Ly,)’[co{g}j+ /EM)27}

)z
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Since Xp, is assumed tC be large, the exponential function in the expressions
for 92, §o decreases rapidly as 0 deviates from ¥,. In other words, ‘the scat.
ter field 1s concentratad near the conicel surface & = y, = tonst. In the

neigkborhood of this surface we may substitute Y, for 6 4in the expressions
for 41 and ¥3:

t oo
) *) . Ur(% e Po) ;
e (¢, 0) ~ &, (pfz) = L _mad_w& o7

ma~oo ] “(kasing,) \

(27)

rtoe I 4

— J,lkasingy) ime
1/7;(47,9) ~ Qf:“""&) = 4 ”:?;?. £ ¢

me-co H "~ (asing,)

¥ith thie approximaxion,il and ¥, no longer depend on p and z, and equa-
tions (26) represent the scatter fields, &, and §,, as products of a function
depending only on the azimuth angle ¢ and a function depending only on the
radial and axial coordinatee p and z. Hence, in any plane through the wire
axis {p = const), the scatter field #5 (or yg) has essentially the same dis-

trivution =xcept for an azmplitude factor which varies from plaune to plane
eccoxding to the function #; (or y3).

In the case the wire crcsses the Fresnel rezion of the antenns, the expo-
nential function exp{-ix(dcosxsing + zcosB)} in the integrand of equations (23)
varies vith o, B &t a rate compareble to the roie of change of the amplitude
functions f and g, and an asymptotic evaluation of the integrals is no longer
permissible. Inapecticn of the location of the stationary points of exponen-
tial function and amplitude spectrs shows that for a Gaussiaen beam, however,
the expressions #g and §5 can be simplified so tkat the scatter fields can

eQ




still be written in the product form (26) where #; and ¥1, as hxfore, are
approximately given by equations (27) and

;2
/
{R§p) C

wmmm

‘I",—x s 2\.
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bl 9
C. ), '7{(',’,:’) = -
(28)

EX F) {"‘C/'( (/dCC}Q.\'Lﬂ/: rgycn/’; , ,_7(05/3)
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The Hankel. functions H&a) (kpsing) in the integrand were again approximated

by their asymptotic representations sand the beam axis engles Yy end Y, vere
assumed to be in the vicinity of 90¢ (nearly vertical incidence). The result
obtained for a wire in the saatenna far zone - that the scatier f£i214 in any
plane through the wire axis has approximately the same distribution- therefore
holds for a wire in the Fresnel region of the antenna as well. However, the
field distribution along a surface 8 = const is no longer determined by only
one elementary plane wave of the incident beam, but as une would expect, by
the entire elementary wave spectrum, or at leas’t a substanilial portion of it.

6. RECIPROCITY INTEGRAL FOR STRAIGET METALLIC WIRES

We formulate the reciprocity integral Q, equation (8), for a straight
metallic wire. Integration in equation (8) is performed over the wire surfsce
p = & (see Fig. 2); the surface element is acgordingly given by do = adpdz.
Using equations (9), the field strengths Ep, Hp, and Hg occurring in the inte-
grand of Q can be expressed in terms of the vector potentials ip, tp and
€., ¥ respectively. For a field derived from the electric vector potentisl -

we Obtain

+O0 Ly 5
. ¢’ e 9:?; y - -
a, = LLQ'\/g f[ f (L, + 57E) %*,(‘F,, rS ) dedz  1aga)
* e ) ' v “3 ' Tog=a
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and for a field derived from the magnetic vector potentiel, ve obtain:

QV:cLQ“/E j/ J?l"’ /<Z(77‘" }’)sz (¥ T ]}S”ad@dz(29b/

?v-oo

If the field is characterized by both wvector potentials, the reciprocity
integral is the sum of expressions (29a) sand (29b) since there is no inter-
action in regard to Q between fields derived from the potentisls ¢ and §:

R = Qg * Qy (29¢)

We insert #p, yp and #4, ¥4 azcording to equations (18) and (23) into
equations (29). Using tkhe orthogonality propertizs of the functions eimp,

the p-integration can be performed. The z-integration moreover leads to a
6-function:

Too

; 3/ :
/( /ez(ccs/? +a03) )d . J’({“’g s )

Al

“oe

so that

/f/,_s’,' Siees3res 3 s 3d3 = F(i-A) for 02555  (30)
7 ' .

wvhere F(8) is any given function of B. Hence we obtain for the reciprocity

2k




integrals (29a) snd (29b)

Foiwy

—JcZ(“‘.»J.r C‘..A.)J‘..IJ.)
[‘.E N // //‘(ulllu, 2/ \65 J, /( z./?l)/?/:. =S 5)(, P

(30s)

..-.

”2 /(Adhn)) —un(x-x')

» /_~( -—:—"'"“ < Lc;zmsx//uz,a Aol c/B
mz-oL Hm (}dé'ln/g)

iy

[ d

g - ckd
G"r = h‘\//gl‘z ﬂ j g (sinxsinf cesf3) g (sinarinfl, ~osf3)e (cosa thm/s

U’a,’xo!. 510

. §'<_ ‘)"" J (/:a.r.nﬂ) -cmix-a’}
* /e) 7 ¢ casax cesx’ sun /6 olaecla a/8
my-a [’a.rmp )

ith a later applicstion in mind, ve note tuat expressions (30) for the reci-
procity integral Q #tiil hold in general, i.e.; for any incident field. IXn
deriving these equations only one approximation his been made; the contribu-
tion of the evanescent elementary waves 0 the incident £ield at the wire has
been neglected. If the distance batveen sntenns and wire is sufficiently
Jarge, this caission is sbviously Justified. PFor tae example of a Gaussisn
incidert beam we obtain by irserting the corresponding amplitude functions (15)
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into equaticns {30)

G. 1
¢ o (31s)
L2 e85 % expl-te(cts s’,mfw.)f
T .\l 7 ﬂ/z(j} sin J”I
Gy o (31p)
x ! {exp{-é&(ca&dﬂcm/)sﬂhﬂ' (Le,,)z—'ic—,%— -
or;x.’a-%' Na0 iy ) [(qu,/.;ma):mﬂ 2(an¢fana').ec/zﬂ@4]}
2‘ nn'py sin f}
& J,,,(ém.nw Sema) |
Ll (=)
fLe-ne H I«.z.rm,J)
x < . { n}zsﬁ’ s casa’c’zdaé;ﬁ
\'2?< Iy m J I (kasin B) -un«m)
| ~ (2)’
me-co H, ([arm/}) J

7. EVALUATIOR OF KECLPROCITY INTRGRALS Q; MQ'

With thc assumptions that the besm width of the incident beam is in the
order of 1° (kpo in the order of 100) and the besm axis does not deviate sub-
stantially {by not more tham sbout 1i5°) from the directiom of vertical imei-
dence, the reciprocity integrals (31) can be svaluated approximstely so that
cloged form expressicns for Qj and Qy are obtained. The method of imtegrs-
tion is explained in Appendix A; the result is:

. . : .
Ay T T 2T & {32a)
Y " jree [ L had i

- . .‘, Loyl CCH ".‘ \
exr){azl-kd \/l-a.c - kg ) ( Lo COqy)* f“wé'_?,p“
A ¥- -

)'(.131)';, 1R !’z f»('frh

26




)
with 1 = kpy/d end
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The parameter u, is determined by the equsiion

f«.l‘ 4:. )
T 'V F

AL = co:.-"}"? (32¢ )

wvhich in Appendix A is solved by a series expansion. Using this expansion,
the exponent equation (32) can be developed into a series of ascending
powers of cotg’yy. Neglecting 6th and higher order terms, we thus obtain

- 4 o €3 e % _ j
Q- = 4T "%; kg () 7‘/;;?(4@‘) —— _
LRl PYdY (33)
e A | -l
P L,?\P{"Lél\d Ll"é /f'"-’ 0(3'}/)’ é(‘;-r_&),([/fbl' LL‘_}‘, )C(.( l ]f

2- 2 / :
,.exp{ —U(S‘c) L(.Cffi Jo T /‘E‘Z,'-Ct?' ‘f»f - (- 5 r:.")(a/h j]

(/e '”

The function 5,y {ka,7) which determines the dependence of the reciprocity
integrals on the wire radius is glven by

r

_ < et Jplka) oo 2
Fiaz) ~ o (1) anp {= =Y {3ha)
¥ me -~ H k) [ kg, 7
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for a field derived from the electric vector potential ¢ ‘and by

= m T
Folka,z) = 210 S enp {- =Y (34b)
ma-no Hm (/a) [l [(s:a

for a fleid derived from the megnetic vector potential §.

Equations (32) to (3b) hold for vires sufficiently thin to satisfy the
condition

o

e Q

—(2) < | (35)
-\/lft"" s

Thie condition, however, does not impcse & severe restriction as it sdmits

vire diameters 2a of several waveiengths. If, for instance, kp, = 100 and
T = 1, wire dismeters up to 35 A &re permisgible. The finctions P end r'
depend veakly on 4 and p,. This cependence practically disappears as the
wire radius a is decreased. If

(36)

the exponentiszl fauctors on the right-hand side of wquations (34) cen be re-

placed by unity ic all summation terms with [m| < 2ka, this means, in all
terms of appreciable megnitude.

Hence
— — = m+l,](1fd)
Flkaz) = Fp(la,0) = L D77 00 (57a)
> : mz-oo /in (ka)
Fotiae) s Fytha0) = L on™ dmle (37e)
‘ ma3-nre /4";)(&1)

for the above example where kp, = 100 and 7 = 1, condltior (36) requires
that 2a < 10 A.
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17 the wire crosses the Fresnel region of the antenna, 71 = kp‘g/d is in

the ovder of or greater than unity. 1P the wire is situated fn the far field
region of the antenns, 7 is small compared Lo unity. Hence, accoxrding to
equation (32c), u, + O and

> (l()}G) _— K \I) f'(.‘—,« ":'-} ..\;r\sz.)"((.CZ&-';j}fCclgyl)f (38)

Fooivea ) - o
;

)'t.f."}\7 fﬁﬂ‘} 2

Fg(ka,0) and F'(ka.,O) are given by equations (37) which in this case (7 << 1)}

describe the dependence of the reciprocity integrals on wire radius not only
for sufficiently thin wires but according tc condition (36) for all

(ke)? << kd.

The restriction stated at the beginning of this section, that the direc-
tion of the beaom axis does not substantislly deviate from the direction nor-
ual to the wire axis has tc be imposed only in evaiuating the reciprocity ia.
tegrals for a wire crossing the Fresuel region of the antenna. Bven in this
cae it is not an essential limitstion as Q§ and Q' decrease repidiy with
incressing deviations of Yy and vy, from 90°, If for example the beam width

16 1© and 7 = 1, and the bean axin deviates m the direction of vertical
incidence by not mure than 4y, = 90"--yy = 430 {wiile Ay, = 90° -Yg = 0),

reciprocity integrals Qy and Qqy are already aoxr. thao 50 @B below their -axi-
mum values; if Ay, = +3° (vhile byy = 0), they are more than 100 4B belov

these values. The received barkscatter power; which is proportiocnal to Gi 2
decreases correspondingly by wmors then 100 dIl and 200 4B if the besm axis is
turmed by AYy or Ay, = +3° against the direction of vertical incidence.

In the case that the wire is situsted “n the far field reglon of the
antenns, the reciprocity integrals can alec be cvajuated by a different and
more direct method than the one used in Appendix A; an asymptotic evaluation
caa be performed using the method of stetionary phase. This method can be
applied to Qg and Qy in the general form of equations (30) where a particular

characteristic of the antenna beam has 0ot yet been specified. The ceicula-
tions are performed in Appendix B wita the result:

fw.e) (39a)




RTP
~clabet £ -
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AT (35)

Chd)E

vhere F§ and Fy are given by equations (37). Note that Qg and Qg are deter-
mined by the values of the emplitude spectrs f and g for one direction a, p
only, the dlrection of verticai incidence o =0, B = 90°. 1In other words,
only a marrow bundle of elementszry plane waves of the incident beam, those
traveiling in the direction normel to or pearly normal to the wire axis, vill
significantly contribute to the reciprocity integrais and, hence, to the
backscatter pover returned to the antenna.

For the example of a Gaussian beam, £(0,0) and g(0,0) are found from
equations (15). Inserting these equations into (39) reproduces equations (38)
vhich were obtained by the method of Appendix A for the reciprocity inte rals
of a wire in the far zone of a Gauszsian antenns. Deriving equations ( 38% by
means of the method of stationary phase has the advantage that no restric-
tions have to be imposed on Yy or Y,. These egaations, therefore, hold for
small as well as for large angular deviations of the beam axis from the di-
rection of vertical incidence and the admissible vy, Yyz-range is limited only

by the approximations vhich were msde in Section 3 to derive the plane wavz
representation of a Gaussian beam of arbitrary axis directionm.

8. BACKSCATTER PCWER RETURNED TO ARTENRA WITE GAUSSIAW CHARACTERISTIC

By inserting expressions {33) for Q4, Qy into equation (7), the ratic of

received snd transmitted power for a Gaussian antenns illuminating a straight
metallic wire is obtained; for Ny, N' we use equstions (17). Hence
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Equations (40) hold for a wire in the Presnel region as vell as for a wire in
the far field region of the antenna. In the former case, v 18 in the order of
or greeter than wnity; in the latter case,T is small compared to unity so that
equation (40) can be simplified to:

-~ lf k u‘ — L -~ xpr d - 2{[(1‘)3(“3["?‘7_ +Cdi(’..; )
s = T d”a “'*(1«:,0) /“i’.’_(éa,é‘/ ri i ; Fatexy gy f
I L (42)
fer cxl

In either case; the pover ratio T is at s maximum for vertical incidence - if
the beam axis intersects the wire axis at right angles - and decreases expo~
nentially as the hHeam axis is turned away from this direction of incidence.
No gide lobes are encountered for a Gaussisn antenna, at least not in the in.
terestirg range of small angular deviations from vertical incidence where T
has aspprecisble values. Hote that the dependence of 7| on the antenna axis
angle y, i8 the same for a wire in the Fresnel and in the far field region,
while dependence on the axis angle Yy varies with d. In other worde, turning
of the beam axis in the plane containing the wire axis leads to a variation
in 7) which lg essentielly independent of the distance between antenna and
wire. Turning of the bean axis in the plane normal to the wire axis, on the
cther hand, produces a variation in 7} which becrcmes less and less rapid as

3%




the spacing between antenns and wire is decreased.

The dependence of 1| on distance d betweea sntenna and wire for verticsl
incidence (Yy’ Y, = 90°) is given by

TN

, T a3 ST BCRE JUN BE

(7]

FO;' 3,} “;‘ = S5C

Hence 1| = 7(d) remains essantially constan§ near the antenna (T >> 1); and

in the far zone (T << 1),decreases with d"~. The deviation from the usual
a-4 dependence in this region is due to the fact that the scatter object in this
case ig a wire infipitely extended in one dimensior. In the preceding uec-
tion we saw that only a narrow bundle of elementary plane waves of the inci-
dent beam contribvutes significantly to the radsr response of a long wire situ-
ated in the far field region of the antenna. The directions of prupsgetion
of these elemantary waves form a small solid angle about the direction of
vertical incidence o = 0, 8 = 900. We denote this solid angle by uf: = A 48,
where Ax is the angular width of the wave bundle in the rlane perpendicular
to the wire axis and AP is the ungular width in the plane contalning the wire
axis. The method of stationary phase by which this result was derived shows
furthermore that AG becomes gmaller and smaller as distance a4 between an-
tenna and wire is increased. We have 40 ~ 1/d4 and hence

/
da 4B ~ =
R

The portion cf the wire lying within the solid angle &Q can be termed the
"effactive Jength" of the wire, since this portion essentially ‘ccermines the
backscatter tield receivied by the antenns. The effective length is obvicusly
given by L = dAB and consequently increases with-+/d' ; itas contribution to
the field strength of the scatter field near the antennsa is proportional to

wvhere
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denotes the incident field strength at the wire. The recelved backscatter
power ii obvicus!, oruper..uagl LO ESCEQC and, heace, 1 ~ d-3 in accordance
with re_etion " ).

The depeudence of i; ¢n Wiy radius & is detormined by the functions
Fa(ka,t) end F,’ka,7); equationa (341. For sufficiently thin wires which
satiefy conditl.n (s - aoen une wire 1s situated in the far field region of
the antenna this conditiur iu oxtisfied for all wire radii - these functions
can be approxinatea by ¥i{«su,0) and F‘(ka,C) &5 glver by equations (37). 1In
Pigs. 5 and 6. the amplitude and pnase of the latter functions are plotted
for the range C < ka < 5. For small ka, Fy and F' differ substantially.

Thie has to be cxpected s uhe packscatter properties of thin wires depend
strougly on the polsrizuction of tne incident field. A fileld derived from the
electric vector potentlul ¢ comprises a strong electiric field component par-
allel to the wire axis. The ratio of scattered to incident power for this
type field therefore will Ve substantially higher than for a field derived
fron the megnetic vector powential §, which contains only electric field
strength componenis pormal to the wire axis. In both cases, of course, the
scattered power approaches zerc if ka + O.

A Beries expansion for smsll ka ylelds

| - - ”
e Fo. (ba,C ) & <o P rcka)©
s YT

1)

l:-(;/.f)',(—) xz -

er Aa'< 05

where fn c = 0.5772... is the Eulerian constant. HKence, for small ka the
received backscatter power vacies with [ﬁn ka]™2 for fields derived from tke

electric vector potential, but with (ka)* for fields derived from the sagne-
tic vestor potentisal.

with increasling wire radius, the dependence of T on polarization of the
incident field diminishes. In the range where the wire dismeter is in the
order of one wavelength, ¥¢ incresses monotonically with ka, while ¥, shows
"ripples” whose amplitudes decrcase with increasing ka. For sufficiently
th.ck vires (ka > 10), the functions Fg and Fy approach each other. An
asymptotic expunsion yields:
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and the received bvackscatter power lpncreases linearly with ka in both cases.

In the interesting range of small deviations of Yy» Yz from 90°, the in-
cldent beam derived Irom the electric vector potential is polarized nearly
parallel to the wire exis; the incident beam derived from ihe magnetic wvector
potential is polarized normal to the wire axis (see Eqs. {13) end (14)). Ex-
pressions (ho?ﬁror TNg and TNy ancordingly yield the ratio of received to trans-
mitted power ivor these two Xirections of polarization. If the polarization
direction of the incident beam forms an angle 8 with ithe wire axis other than
0 or 99, the beam 1s described by superposition of two fields derived from an
elecuric and a megnetic vector potential

A - A
§p = ?pmé (lf?C( ’;‘r = 3‘::»“’29

Fad

respectively where the distribution of #p = §p in the antenna plane x ~ ~d is,
as before, given by equation (14). The power ratio ? = 7(8) in this cuse is
still described by the right-hand side of equation (40) if we replace the
function Py, ¢(ka,7) by

Flhac,0) = F;(A«a,r)ws:& # F},(,/}q,t).ruz:@ (45)

Thie result is obtained by modifying expressions (31) and (32) for %3, Qy and
expreasions (17) for Ny, Ky by eppropriate factors c0s°® and 8in°d, and by
inserting the modified expressions into equation (7). One merely hes to cb-
serve that fields derived from the electric and magnetic vector potentials do
not interact in regard to Q or N.

9. GENERAL SOLUTIOH OF RADAx PROBIEM ZOR WIRE IN FAR FIELD REGION OF ANTENNA

If the wire is located in the far zone of the antemna, a gepnersl expression
for Jae power ratio T can be derived vhick holds for any antenna characteris-
tic. By inserting Q4 and Qy in the general form of equations {39) into equa-
tion (7}, ve obtain:

2 (46)
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vhere Fy(ke,0) and Fy(ka,0) are defined by equations (37) end plotted in
Figures 5 and €. ¥j and Ny can be expressed in terms of the amplitude spectra
f and g according to equatzons (16). Both vector potentials, ¢, and 45, are
in genersl required for descraiption of the field of sn anteana.

The amplitudes £(0,0) and g(0,0) can be related to the value of the radi-
ation characteristic of the antenna for tha direction normmal to the vwire exis.
In an obvious generalization of the definition of the directivity gain, we
describe the radietion characterigtic of the antenna by the gain function

93 = ﬂ:.éi (47)

where St is the radial component of the Poynting vector in the far zone of the
unperturbed antenna field, Ny = Nj + iy is the total rediated power, and

r = {{x+a)2+ y2 + 22}7 15 the radial distance from the center of the an-
teuna aperture (see Fig. 2); kr, of course, is assumed to be a large nuaber.
The electric and megnetic field components in the far field region of the
antenns can be determined by an asymptotic evalustion of equations (10) in

connection with equations {9). For the direction of vertical incidence which
we shall indicate by the superscript (x) » We obtsin

E;x)z . 9(0,0)(.(0*) \j'gz H;’, - f(0,0) Uer) (48)
Ew ¢ o0 Wir -;-‘ H= rq(C,0)Ury
ko

where Uy = 25k e‘

and conseguently
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The partial fields derived Irom the electric and msgnetic vector poten-
tiels appsrently yield asymptotic electric field strengths wkich, for the
direction of verticul incidemce, are tangeatial and normal to the wire axis,
respectively. The phuses of the two partial fields will in general be dif-
ferent vith the result that the total asymptotic field vill be ellipticelly

polarized. We introduce a polarization angle o(x) for the direction of ver-
tical incidence by writing:

\ L)
E.;”= EVs5cn @ £, £%% cs&” (5¢)

vhere §(x) is the phase difference detween ng) and Rix), and

+

. /
-— A A () # x = X ~
! (:“l - {E;)Eg x Esz-;) }‘) aryé_‘ ) _ tw

The meaning of ,(x)’ 0(:'\, and {h) is illustrated by Fig. 7 vhere a polar-

ization ellipse and its special cases are shown. (The superscript (x) has
beer omitted in this figure) In the case of linear polarizatiom, § is zero,
R is the total incident field strength, and © is the polarization sagle
messured against the wire sxis. Cirecular polarization is charecturized by

§ = +90° and @ = +i5°; the uctual field strength ie B//2 . In ths gemeral
cage of elliptic polarization, © axd §{ are related to the angle { which the
nejor axis of the polarization ellipse forms with the wirc axis mxd to tha
axial ratio x = By, /Be,y sccording to

2w

- wr 23
lg & - {2
1t klgs”

. I- K% .
; coz’yf = —72—; Jir 2§
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With equatione (47) to (50), we can ngv express the products £f”, g,
and fg* at a = 0, 8 = 90° in terms of a{x), @(x), and g(x

s I .'—‘ X 2 A
feceif i) "‘? - A f{‘c)m“@‘ ’ (51a)
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) - / x| s dsea
9(0,0)9(6,6) = /61731‘/5— 'i:: hs '@ (51b)

\ o / AN 3¢k “o -
f((/,C)Lj(C,‘r)?’ /z-;\’: 3 /‘{9 e - § cos G hin (51c)

By inserting these expreasions into equation (46), we finally obtain

0 ng ) » 2
= W ) E (ka 0)e rE°, c0s’@ FV(La,U)é"g 128

8ince 1| is determined dy the value of the radiatica characteristic of
the anterma for only one direction - the directicn norme®l to the wire axis -
only the pover itranmmitted by the antenns in this direction will signifi-
cantly contribute to tha emergy which is returned to and received by the
antenna after scattering at the wire. The received backacatier powsr depends
on the polarization yropertics of the antenna faur field. This dependerce
obviously stems from the fact that the backscatter properties of a struight
wire are different for incident fields polarized parsllel to and normel to
the wire axis. If the radiation characteristic and the poliarisation proper-
ties of the far field of a given antenna are known, equation (52) permits
deternination of the ratio of received to tranmmitted power for any oriesta-
tion of the antenna in respect to the wire. One merely has to insert into
equation (52) tbe values of G, ©, and £ which are sssociated in each case
with the directions normal tc the wire axis. We discuss three special casas:

(1) 1f equation (52) is applied to the example of a Geuszian an-
temna, one should obtain cquation (1), which is indeed the case. This is
evident if one considers ibai,fgr a Jaussisn entenna (as characterized by
equations (13)) the value of 6(x) vecomes:
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Equaticn (52); hcwever, leads TO & mOre general exprassion I0r i 1loeoIar &8
this expressyion applies tc linesrly ss well as elliptically polarized inci-
dent fielde while equatior {kl),even if generalized according to equation
(45), 15 Jimitzd to linear poiarizstion.

(2) The right-hsad side of equation (52) has a pariicularly simple
form when the incident field is linearly polarized and the wire radius ia
so large (ka > 10) that ¥z and Fy can be replaced by their ssymptotic repre-

sentations (44). Since in the asymptotic rauge these two functions do not
differ, N becomes independent of the pclarization direction of the incident
field:

{ [:a (M2
" rome 4 (53)
/“ ¢ 'J:{.(.)’ g

Hence, measuring 7] wvhile twurning the antennsa yields the radiaticn charscter-
istlc of the sntenna or; more precisely, the square of .hs gain functiom G.

(3) The right-hand side of equation (52) becomes zerc if

Fg(ka,C)

)

tyz@w'-" and 2% = ri-(ay ;‘;(/a,CJ"aryﬁ(l«a,C)) (54)

For sufficiently thick wires (ka > 19), the functions ¥Fg and F' 4o not
appreciably differ and requiremente (5k) reduce to

X

x) v -
@<-l";; , T o=t (53)

By

i.e. to the conditions for circular polarization of the incident field. The
explaration in this case is obvious: if Fg = Fy, the backscatter properties
of the wire are the same for fields polarized tungential to and normsl to
the wire axie so that an incident fleld which for the direction vertical to
the wire axia is circularly volarized will lezd toc a backscatter fleld which
is also circularly polarired with th¢ same direction of rotation, but the
opposite direction of propagation. Seen ia their respective directions of
propagation,; the two fields, therefore, rotate in opposite directions and an
antenna emitting the incident fleld cannot receive the backscatter field.

Actually T| will not become zerc, but will be very smalli since thbe an-
tenne will still receive backscatter power from direciions of incidence
other than 30°. Mathematically speaking, the right-hand side of equation {52)

L1




is the first ters of an ssymptotic expausism of the power ratio 7] for large
ki. If this ters ia zero, 7 is determined by the second ssymptotic term
vhich decreases with (kd)‘l* as opposed to the (kd)~3 dependence of the first
term. Since kd 18 supposed to be a large rumber, the received backscetier
pover will decresse raptdly as conditions (55) are approached.

These considerations imply that. the receiving antenna is identical with
the transuitting antenna. If the :eceiving aud transmitting antennas on the
other hand are matched to circularly pelarized fields with opposite directions
cof rotation, the ful) available backscatter power will be received and 7, as
in the case of linear polarization, is given by equation {53).

10. RADAR CROSS SECTION CF STRAIGHT METALLIC WIRE

We suw in the lag? section that the radar response of an infinitely
Jog wire situated in the far field regiom of the illuminsting astmoa, is
determined by the velus of the radiation charecteristic of the antexns for
the direction of vertical incidence only. Hexnce the wire cen in principle be
replaced by a finitely bounded scatter object with an sppropriate rader
cross section placed at the point where the direction of vertical ineidence
intersects *he wire axis. Comparison of equation (52) with the.vell-known
rsdar range equation: .

22 o
7:./.‘.2-:.1&- ..Z_..G

/Vt hr)® (56)

vhere G 18 the wvalue of the antenna gain functiom for the direction undex

which the antenna sees the scatter object, immediately ylelds for the aquiva-
lent rsdéar croes section
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and we obtain in perticulaer for the case of 2 linearly polarized incident

field if the direction of polarization at vertical incidence is parailel to
the wire axis (AtX) = Q)

4

— et
s, zkc_é Pl ) by b, C) (58a)
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and if the direction of polarization is nommal to the wire axis (8(¥) = 90°)

b.d -- Rt
s = PR oty ) )

e

For suffiniently thick wires {(ka > 10), F3 aad F,, can be approximated by
their asymptotic representatione {i4), and equations (58) reduce to

s =~ G ’*rcu[

The rsdar croas section of a long wire according to these equations incresses
linearly with disterce d between antenna and wire. This is consistent with
the earlier obtained result that the "effective length" of the wire, i.e.,
the portion of the wire which significantly contributes to the backscatter
field neer the antenna increases with o/d' . Since the quantity proportional
to the effective length £ is the received fileld sirength and the guantity
proportional to the radar croes seriion o ia the received power, we have

o ~ 42 where both ¢ and £2 are proportional to d.

1. CORCLUSImS

The scatter field and radar respounse of an infinitely long straight
metallic wire have been derived under the assumptiom that the source of exci-
tation is an antenna radiating a Gaiuneian beam of narrow beam widih in the
order of 1°. Two cases can be distinguished, that the wire crosses the
Freanel region (near field region) of the antenna and that the wire is sitva-
ted in the far field region of the antenna. In the former case, the theory
is limited t5 wire radil a < p, where p, is the beam radius at the antenns;
in the latter case., wires of arbitrsry diameters are admissable. The follow-
ing results have been obteined:

(1) The scatter field produced by diffraction of the incident beam
at the vire has essentially tbe same distribution in every plane through the
wire axis; it differs from place to plane only by an smplitude factor. If
the wire is located in the far fleld region of the antenna, the goatier field
is concentirated near a conical surface (about the wire axis) whoss aperture
eagle is zqual to the angle which the aris of the incident beam incloses with
the direction of the wire axis.

(2) The fraction T} of the radiated power which after scattering at
the vire is returned to and received by the antenna is at a meximm for ver-
tical incidence - when the beam axis intersects the wire axis at right sngles -
and decreases exponentially as the beam axis is turped awvay from the direc-~
2ion of incidence; no side lober are encountered in cese of Gaussian 1llumi-
nation, at least not in the interesting range of small angular deviations
(< 15°) from vertical incidence where T} has opprecisble vaiues,

%




(3) The expresaicn derived ‘or the radar response of s wire aituated
in the far fisld region of the !1lluminsting sntenna can be generslized so
that it holds for any antenns characteristic. This generalization shows that
7 is proportional to the square of the value of the rediation characteristic
of the sutenna for the direction intersecting the wire sx!s at righv angles.
In other werds;, only the energy radisted by the antenns n the directiom of
vertical incidence will contribute significantly to the backscatter power
returned to tie antenna. A consequence of this result is that a rader cross
section can be assigned to the vire, even though it is assumed to be infi-
nitely long. This rsdar crose section increases linearly with dictance be-
tveen anteonns snd wire.

(k) The rodar response of a wire in the far field region of the an-
tenna decroases with the inverse third r of distance & between sntenns
and wire. The deviation from the ususl 47" relation is due to the fact that
the scatter object, the wire, is infinitely extended in one dimension. If
the wire crossss the Fresnel region of the anterna {(sand the antemma radistes

& Gaussian beam) the rader responre Zor vertical incidence decreases with
distance d saccording to

’\)‘\Jl

7= { Cleed A (é‘(a, *§ i

vhere o, is the besm radius at the antenna.

(5) The dependence of the radar response 1 on wire radius & 1s
essentially the same for & vire crossing the Fresnel region and for a wire
situated in the far field region of ths antenna. The received backscatter
govwer in genersl increases with a, and for thin vires (ka < 1) shows a marked
dependence on the polarization of the incident field. An incident beam po-
larized parasllel to the wire axis produces s substzuizially otrunger response
than an incident beam polarized normal to the wire axis. With increasing
wvire radius, the dependence of 1} on polarization diminishes and practically
disappears when ka = 10. TFor ka > 10, the radar response increases linearly
with & for either polarization. '

The theory was derived assuming that the incident beam, and therefore
alzo the rield scettered by the wire, are strictly time hsrmonic. The results
consequently hold for CW-radar systems, but can he epplied aisv to radar
systems employing pulsed fields prcvided the frequengy spectrum of the pulses
1§ sufticiently narrow. The quantities kd and (kpy)® can then be treated as
constants ana the expressions derived for 7| under the assumption of time
narmenic fleid will be valid spproximations for the ratio of received to

Lransmitlea eneidy pér pulse.
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APPERDIX A '
AFPROXIMATE EVALUATION OF THE RECIPROCITY INTRGRALS Qs AXD Q' (Gaussisa
I1lumination)

We evaluate the reciprocity integrals Qp and Q, equations (31). The

evaluation procedure uses approximations based on the three following assump-
tions:

(1) The besm width of tre incident Gaussian beam is in the order of
1°. This mesns kp, i8 in the order of 100. The quantity kd is in the order
of (kpo)avhen the wire crosses the Fresnel region of the antenna, and is

large compared to (kpo)2 wvhen the wire is situated in the entenna far zome.

(2) Tbe wire radius does not exceed the value

(A.1)

Hox )

The sunmation over m in the integrand of zquations (31) can then be limited

tc terms vithimi< 2[kpo)h + (kd)ajk, this means to terms varying with a, «',
B slovwly as compared to the exponentisl part of the integrand. The con-
d.t10% a < ayg, does not impoge a severe restriction. For & wire crossing
the Presnel region of the antenna, this corndition essentially requires

& < pgi therefore wire diametera of several wavelengths are admissible.

The diameter of & wire in the antenna far cone is practically not limited
by this coudition.

(3) The beam axis angles v, and Yy, are close to 90°; their devia-
ticas from this valve do not exceed {5°. We may restrict ourselves to con-

sldering a small Yy» Yg-range az Q; and Q? decrease rapidly with increasing
deviations of yy and y, from 909, and for a deviation of 15° already are
axceedingly smsll (see equation (A.1h)).

Substituting in eguations (31)

sine » i, Sna'sy, cwsp=ur (A.2)
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Since u;d (kpy) are large numbers, the exponential functions
w“““’ Vs¥J 4pn the integrandas of equation {A.3) change rapidly with u,v,w
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vhile the functicns A&‘;‘ vary only moderastely. To evaluste the integrals,
wve use a method which is in esserce the method of steepest descent.

Ditferentiation with regard to u, v, v shows that the erponent pg(u,v,vw}
becomes stationary at the point

U=u r=2,, w=( (A.5)

m ?

vhere uy and vy are solutions of the (fourth order) equations

dm//r- 51@&-—}:0”2’ m(/;— —__..ﬁ...,,_)

‘\/ uL s V/ U?'
(A.6)
with ¢ = cesp, - Y2 o n? __ kp?
" {3 c/(chz $ ¢ = d
Uy and vy have the jover series expaasions:
bcp by rhe S P P W
um’ 'Cm f 3 m * b.‘-m ar ) m‘ lCm f' d m ’f C > e @
(A.7)
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i T 4T
wlh b= ATL e L GEY g L 3CEIUNTY
[#2 T’ > 2 (rT’) 7 (1eT)?
‘m“{ I: I:-_. { = .15._2&_‘
fn'p, o

Tor kd << (kpc)"2 and kd >> (kpc,)2 » Uy and vy approach real values. In the
Tirst case, Ww. = vm = cotg Yys and in the second case, ug = vy » 0. Ia the
intermediste ki-range, uy and vy are complex; their real parts lie between 0O
and cotg Yy and thelr imagivary parts are small compared to unity.
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The paths of integrasticn with regard to u and v are now shifted, as
indiceted n Mg. 8, 80 thet they transverse the points u = Ug ad Vv x vy
respectively. Thus wodified, the range of intagration of each summation
term in equation (A.3) includes the corresponding rtationary peint u = ug,

v ®m vy, v = 0. Since the exponential functions tHe(WVsW) ot thesa points

have maximum axplitude and zero phase change and in moving awvey from these

points decrease and oscillate rapidly,only the immediate neighborhood of the

points u = uy,, v = vy, v = O will appreciebly ccatribute to the value 3f the
tsgnl- in equation {A.3). In these neighborhoods, the functicns

:3 do not vary roticeably,ani the exponents puy can be replaced by second

order tppmxi.lntions*

o A Dbty 1 2. by g2, o) A8
M (8,2,07) ,A((m,m,O)fQ[-éigAu+ zgﬂzzrﬁgdm‘f (A.8)
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Note that the deformations of the Paths of integration in
cated in Fig. 8, bave been chosen

72 essentially real. Since the w-invegration Zcllous the real axis
course, is real.

Extending the range of integration in au, Av, Av to infinity, which is
Peruissible as no noticeadble error is introduced by this modification, the
integrations can be carried out in closed form:

!
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m) f,a’"(‘llz‘l&;)
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and ve obtain with equacions (A.3), {A.4), and (A.9):
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This result can be simplified further. An estimate based on the as-
sumptions stated at the beginning of this sppendix shows that the functions

P®)(vy,vz) can be replaced by second-order spproximations in cotg Yy amd

cotg v,; the approximate expresdsions become independent of m:
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Ia the sxponential fmctions, furthermore, we can approximate
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where ug (=vg) 18 the value Of Uy, and vy for m = 0. Finally, the terms

{tm - arcsin uy) snd im(v, - arcsin v,) in the expomeat of the functioms
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Expanding the e..ponent in (A.12) into a power series in cotg Yy and ne-
glecting 6th and higher order terms we finally obtein

re—) - — /

A

[rel L. ’ fc/)j’) c'u?‘jz /D(JJ.J';')

> --?

Fo(ire)?

(‘1.?\‘)—-'/6(_ ‘Ja.‘)oclj‘d ‘I’\

(A.1b)

-
-—

- - , 4 -
% ex[o{-(l(fc [ccfgflf'/ = cofo'k; (/r“z‘ (2+¢5C rZ")('Of&‘J:’. .jf

25




APPEXIIX B
ASYNPTUYIC BVALUATION OF RECIPROCITY IFNTBORALS Q. AKD Q' (Arbitrary
Illuminetion)

Ass:ming that the wire is located in the far field region of the an-
tenna, ve evaluete expressions (30) for Q4 and Qy szymptotically using the
»etbod of stetionary phase. PFor larpze ki, the exponentisl function

expy -1kd {cosa + cosx'}sinB] varies rapidly with a, o', B, and ali other
terms in the integrands on the right-hand side of equativns (30) can be
regaxded as alowly varying when compared to this functlios. Differentistion
vith regaxd %0 a, o', and B showe that the exponexzt harz -me saddle point
vishin the range of integration® at

/
a,x’=0 , pB:30°

Since kd is agsumecd to bz very large, only the immediate neighboracod of
this statiocoary point will comtribute sppreciably to the value of the inte-
grals Qp and Q4 In tids neighborhood, all terms of the integrands apert
from ths exponeniial iunction resesin essentielly constaat; for the exponent,
ve use the second order approximstion

12
Chdl (ose »casalyinf3 ~ (2d ~ Chd ( “'?;“ + 48%)

vhere 4B = § « 1/2. Without sacrificing accuracy, the range of integratiom
can be extended to » < a, o', B <+ o, Using the relation

+ oo
.
cdat =
e du = 3 @
A
- o

*On the boundary cf the range of iategr:tion, the exponent has further
saddle pointsat a,a' = +1/2, B = O, n. These stationary points, hovever,
do not yleld an asyzptotic contributicn to Q¢ and Qy ss the slovly varylng
part of the integrand at § = 0, 1 beccmes zero.
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ve thus obtain for Qp and Qs
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vhere Py(ka,0) and F,(ks,ﬁ) are given by equations (A.1l3) with ¢ = O.

o7

(B.1)




~URCLASSIFIFRD . .. .

Secunty Class:fication

DOCUMERNT COMTROL DATA - R&D

(Secunty claesificaiion of title bogy of adstrsc and 1adexing snnotstion tunt be entered when the overall report 1e 7 les siftad)

! ORICINATING ACTiVITY (Corporate authot ‘2- NCPCAT SECUMTY CLASSIFICAYION
U. S. Army Electronics Comusnd . URCLASSIFIED
Foct Monrouth, New Jersey 07703 ' omoon

1 REPORY TITLE

RADAR RESPONSE OF LONG WiPES

4 DESCPIPTIVE NOTES 'T,pe of report 2ad t1clut 1ve dates’

Technical Report

[! AUTHOR(E) /Last name firet neme el

St/

?. Schwering
¢ REPORY DATE 17¢ TOTAL NO OF ®mAGE? Fb uC OF mEFS
| Mexrch 1970 i ST 17
P ;
fa ZONTRACT ON GRANT NO l!a ORIGNATOR'S RECORT NUMBY.NS)
i
EOCOM-3246
s srosect no. 170 61102 B31A O1 b5 } cox-32
c. ilb OTHER RESORY NCIS, (Ary afher numbers thel mey de asaigned
4 Lite rapon)

1
:
ol i

1€ AVAILABRITYZ/LIMITATION NOTICES

Distridution Stutement No. 1l: This document has been spproved for miic
relruse and cale; its distridbwion is uniimited.

————n o o

P!-! MWL ENBKTANY NOTES 12 SPONSORING MILITARY ACTIVITY

U. S. Army Rlectronics Command
Fort Moomouth, New Jersey 07703
AEEL-XI~L :

13 assTAACT [esther fleld and radar response of an iufinitely long straight wetaliic
vire are derived assuming tbat the wire is illuminated by an anterra radisting
a Gaussian besn of narrov bewm width. The scatter ficld has essentially the
sasz distribution in any plane through the wire axis; it waties from plane to
plane by oniy an amypiitude factor. Thz redar response is at a maxizmum for verti-
cel incidence - vhen the besm axis intersects the wire axis at right angles - and
decreases exporentially with incressing inclination of the beam axis against this
directicn. No side lobes are obtaired for Gsussian illhwmination, ai least not

the redar responss has & _reciable valuea. Two ceses can be distinguiasbed:
(1) the wire crocses the Fresnel region of the anteina aut (2) the wire 1s situ-
ated in the sntenna far zone. In the former casc, the theory is limited to wixe

radii not exc the beam rudius at the anteons; in the latter case, arbitrary
vire radii are ssible. If the wire is located in the for field region of the

anvenns, the expression derived for the radar reaponse can he generalized =0 that
1% applies to aay antemnns charscteristic. The generalized expression shewe cant
a vedar cross secticn cein be assigned to the wire even though it hes been assveed
to be infinitely long; this radar cross section increases linpesarly with distance
betveen antenns and wire.

in the interesting range of smell angular deviations from vertical incidence where

DD .%o, 1473 (1) UNCLASSIFIED

Security Classification




TN T T T T T T T e T

e s

e

PR

UNCIASSXYLED

Secufits Classification

¥EY WORDS

LiNK &
AoL& LA

Likx C
/ROLE LAS

LiNK @
aWLE L34

Beatter tieid of long metellic wire
Radar responde of long metellic vire

I, ORIGINATING ACTIVITY: Enter the neme end sdd-esc
of the contractor, subcontractor, grantey, Depertment of Da-
fense activity or other ccganization fcorporate sutnor) isy uiag
the report.

2a. REPORT SECUNTY CLASSIFICATION: Enter the over
all security classificetion of the report. Indicate whether
‘‘Restnnted Dats’’ is include. Marking is to be tn eccord
snce with appropriete sezurity cegulations.

2b. CROUP: Asmtomatic downgrading iz specified in DoD Di-
rective $200. 10 end Armed Porces Industrial Masuel. Enter
the group numrber. Also, when epplicabir, show that oplional
uu.t:.nu have been used for Group 3 and Group 4 ak author
1zed.

3. REPORT TITLE: Exet the complete regornt title in all

capitel letters, Titles in all coses should be anclaxeified,
if o meaniugful title canmet be selected withoat clswsifice’
tioa, show title clesmfication in all capitealn n r.srenthesis
srunedistely ‘olloving the titie.

4. DESCRIPTIVE NOTES If appropiiete, er s the type of
repoTt, G g., interim, progress, summaery, annus’, or tinal.
Give the :nclusive dates when & specific (eporting period g
covered,

S. AUTHORiSY Euxter the namels) of suther(s) as shown on
St 1n the repon. Enter last rame, first neme, micde inftial.
It milstary, thow renk and branc’. of service. The name of
e prancipsl author is an absol ste minimum requirement.

6. REPORT DATE: Enter tne date of the report aa day,
month, yecr. or momh, ycar. If more then ane date appesrs
on the report, use date of pudlication

7a. TOTAL NUMBER OF PAGES 7Tbe total page count
should foliow rormal paginstion procedres, 1.e., entes the
number of pages containing indormstion .
7. NUWBER OF REFEREKIES Zater the total sumber of
coferene ~g cited 1n the report,

a CONTRACT OR GRANT NUMBER  {f sppropriate, enter
the applicatle symbicr of *he capleze® ~r prent under which
the renost wack writen,

85, 8, & 8d PROJECT NUMBER. Entcr the spprupriate
mihitary depantment identilicaticn, uch 8t project number,
cubprotest syt et mygtom ~urmheex (8<k number, etr.

Ga ORIGINATOR'S FEPORT Nt MERER(S): Eater the o/a-
ral cee e aumbes by abser the Jocumen® will be iderrilted
and ¢« rteolled by the oryanating activity. This number must
be uniGue to this report.

9b. OTHEK REPORT NUMBERI!S) If the rronrt haz Seen
aseigned any other report numhers Jecther dy the originator
or 5 the s, 0nsor), aley ents: *his number(a).

Radar cross section of long metallic wire '
Long metallic vire vith Geussisn {llumiration : |
Wire crosaing Presnel region of Gaussisn autenhs !
Wire in far field region of Gaussian antemna '

TRTRICTIORS

—— e v e ———— .

-

1. AVAILABILITY/LIMITATION NOTICES: Enter any liw-
st wes on fariher dissemization of the radart, other then thees
.q:ood by recunty clasaification, suinf vtanderd stotoments
such as:
(1) *"Qualified requesters mey obtain copies of this
report from DDXC. "'
(2) "Foreign emont and i i
repart by DDC is not rethorized **
3 0. S Goverament sger cies mey oblein cdpics of
this report directly from DDC. Other qualified DDC
usérs shall request through

tion of this

”
.

(4 “U. S militery agencies me : obtain copies of this
report directly from DDC. Oter qusiified users
shall request through

»
.

(S) *‘All distnibution of this repor is controlled Qual-
ified DDC userw shal: request through

”
.

{f the *eport hac been fwnished t¢ the Office of Technical
Services, Depasts et of Corcawrca, for sale fo the public, indid
cate this fect and enter the price, 1§ hnrewr,

1L SUPFLEMENTARY NOTES: Use for sdditions! enplens-
tory rotes.

12, SPONSORING llL!TAiY ACTIVITY: Ester the neme of
the deperttents] project office ar 1sborstory sponecriag (p. v
4ing for) the rusearch snd developmiat. Iaclude addrese.

13. ABSTRACT Enter an sbatract giving 8 brief snd factwail

y of the d t tadicative of the report, even theugh
it Moy also sppese eisewhete in the dédy of the technics] Yo~
port. If sdditions] spece is resuired, & continuation shipet
s.all be atteched.

It 1s highly desirable that the abstrac: of clussifiad re-
ports be uaclacs-fied  Fach paregraph of the absiract ehall
ead with an sadication of the ~iulitary zeciweity classification
9¢ the tnfor=ation in the puragraph, :epresented as /TS), (S),
CY. ar (1})

Therrs 13 o hirntation o the length of the absteact
ever. the suggested length 1x from 150 to 225 words,

I4 KFY YORDS. Key asmnis ere technicolly mesningful terms
ar thort phrages that characterize a report aad may be ussd a8
indrx entries fo- catalomng ine repert. Key words must be
selecied «6 that no <ecurity clavsificstton 1s required. lden-
Ger. wuch 9 aquperent Todel Jemigriation, frade name. mili-
tar, proges code nare, geopraphic jocation, may he used o3
Lev words byt wili he followed bty an indication of technical

How-

sontext  The assignment ~f hinks, rulex, and weights s
:",SC‘FM - 1?27 - 70 optional

3

3

_ UNCLASSIZTRD

Security Thassification




